We demonstrate experimental all-optical code-division multiplexing (AO-CDM) systems using 64-ps optical pulses and a 2" prime code of n = 3. A distinguishing feature of this experiment is that the modulation of an ultrashort optical clock stream by electrical data is realized without using any optical intensity modulator at each transmitter. Moreover, only low-cost optical 2 × 2 couplers and fiber delay lines are employed to implement all-serial encoders and decoders for a 2 n prime code.
Introduction
High-speed optical code-division multi- plexing (CDM) systems have been recently demonstrated . 1_3 As known, using optical orthogonal codes (OOCs) with correlation constraints of 1, better biterror-rate (BER) performance can be achieved than when using other address codes with cross-correlation constraint λ c > 1 in AO-CDM systems. 4 Note that the value "1" is the minimum correlation constraint for incoherent optical signal processing. 4, 5 However, the complexity of code generation/correlation and the pow er loss of an all-optical encoder/decoder must be also taken into account when we design AO-CDM systems. A recent study has shown that using 2 n codes in AO-CDM systems can result in a simple encoder and decoder using an all-serial structure, which requires a far smaller number of optical components and has lower optical power loss than using a conventional all-parallel encoder/decoder.
1 This is because the second half of the 2 k pulses in any 2 k codeword is just the delayed replica of the 2 k-λ pulses in the first half of this codeword, where 2≤k≤n and 2 n is the code weight. More over, the all-serial structure can be implemented by using a silica-based planar lightwave circuit to further reduce the power loss and to guarantee a precise time delay. In particu lar, the 2 n prime codes derived from original prime codes are very attractive to AO-CDM applications, because their encoding/decoding algorithms are very simple (i.e., modulo multiplication). 6, 7 This note reports a new experiment on very-high-speed AO-CDM systems using 2 n prime code.
Experimental demonstration
Figure la (see first page) shows the experimental setup for simulating two-user AO-CDM communication systems. The used codewords are the Oth codeword (C 0 ) and the 3rd code word (C 3 ) of a 2 n prime code with P=ll,λ c = 2, n = 3 (code weight = 8), and length L = 121, i.e., C Q = (00000000000 00000000000 10000000000 10000000000 10000000000 10000000000 10000000000 10000000000 10000000000 10000000000 00000000000) and C 3 = (00000000000 00000000000 00000010000 00000000010 01000000000 00001000000 00000001000 00000000001 00100000000 00000100000 00000000000). In the experiment, the data bit rate f d of users is set to 100 Mbit/s. The slot width (i.e., unit delay), τ, is then equal to 1/f d L = 82.6 ps.
At the transmitting end, a 100-MHz electrical clock signal from a BER tester is amplified first to drive a 100-MHz HP comb generator of which the output signal is added to the 100-Mbit/s electrical data at a power combiner (see Fig. la) . A DFB laser diode (LD) at the 1.55-μm wave length is then driven by a current signal containing three components (i.e., a DC prebias, a data current pulse, and a clock pulse). By correctly setting the prebias and data cur rents, the DFB LD is biased just below a threshold at which the gain switching occurs. The LD is gain switched if both a data and clock pulse are simultaneously present, making the carrier concentration above the threshold. 8 Thus, an ultra short optical clock signal is effectively modulated by electri cal data bits at the LD, without using any optical intensity modulator. The resulting optical pulse is then fed into an all-optical encoder, i, to generate the codeword C i (i = 0 and 3). For a 2 n codeword of n = 3, the all-serial encoder (or decoder) comprises only n + 1 = 4 passive optical 2 × 2 couplers that are serially connected with each other as shown in Figure lb In contrast, a 2 n -code encoder (or decoder) of n = 3, if using an all-parallel structure, 1 requires 14 optical 1 × 2 couplers, 7 optical fiber delay-lines, and 1 reference fiber. It is clear that using the all-serial structure can efficiently reduce cost, complexity, and power loss for optical encoders/decoders, especially for a large value of n.
By using an HP high-speed digital oscilloscope, the nonreturn-to-zero electrical data bits "10001" are measured from a BER tester (with ECL logic) and are shown as the upper trace in Figure 2 . The resulting optical pulses from the gainswitched LD (see Fig. la ) are directly measured at the output of a 45-GHz photodetector (PD), and illustrated as the lower trace in Figure 2 . The width of gain-switching optical pulses is then measured to be 64 ps (see Fig. 3 ). The timing jitter and frequency chirping of a gain-switched DFB LD can be reduced by injecting a narrow linewidth cw light from an external tunable optical source. The generated optical short pulse is then fed into two encoders (see Fig. la) . The corresponding codewords C 0 and C 3 at the outputs of both encoders are shown in Figures 4a and 4b , respectively. Although commercially available low-cost 2 × 2 optical couplers (with splitting ratios of 2.8 dB/3.2 dB and 2.9 dB/ 3.1 dB) are used in the encoders and decoders, the optical pulse sequence of nearly constant amplitude is obtained for C 0 by using couplers of splitting ratio 2.9 dB/3.1 dB and carefully fusing pigtail fibers between two couplers in series. In the experiment, we can control the delay-time error of fiber delay lines within 17 ps as measured, only by carefully cutting and fusing the pigtail fibers of optical couplers. For the pulse sequence of C 3 , unequal pulse amplitudes are visible (see Fig.  4b ), because optical 2 × 2 couplers with worse ratios (2.8 dB/ 3.2 dB) are used at this encoder such that the accumulated amplitude error is more severe. This also suggests that using a silica-based planar lightwave circuit should achieve the lowpower loss, uniform splitting ratio, and very precise time delay for all-serial encoders/decoders. Because of symmetric pulse distribution in each 2" codeword, decoder i is the same as encoder i for the codeword C-.The autocorrelation function of C 0 is measured at the output of decoder 0, which has a main peak of eight and the highest sidelobe of seven (see Fig. 5a ), because C 0 is of a repetition code. The crosscorrelation function of C 0 with C 3 is shown in Figure 5b , which is also the same as the cross-correlation function of C 3 with C 0 . Moreover, all the peaks of both cross-correlation functions are limited to be 1 (< λ c = 2) for the specific code words C 0 and C 3 These are confirmed by the computed cross-correlation functions. Note that Figures 5a and 5b have different amplitude scales, i.e., 50 mV/division in Figure 5a while 20 mV/division in Figure 5b .
In conclusion, new AO-CDM systems using 64-ps opti cal pulses and a 2 n prime code of n =3 have been reported. In principle, 11 users can be accommodated with a data bit rate up to 129 Mbit/s if we assume that the slot width is equal to 64 ps. Since there is no optical intensity modulator is required at each transmitter, and low-cost optical 2 × 2 couplers are used at the all-serial encoder/decoder, both cost-and power-effective AO-CDM systems can be realized.
